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Annihilation of Positrons in Organic Compounds*
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The mean life r2 and the fraction I2 of positrons which decay with a "long" 10 -sec lifetime have been
measured in several organic compounds, most of which are derivatives of benezene. For the long components
observed in liquids rs ranges from 1.6X10~ sec to 2.5X10~ sec, whereas Is varies from 35% to 4%. A corre-
lation between I2 and certain properties of the molecules indicates a qualitative explanation of the results.

I. INTRODUCTION
'
PREVIOUS investigators have found that in some

condensed materials, positrons have a complex
decay scheme in which part of the positrons decay with
a lifetime of about 10 "sec and the remaining ones have
a mean life 72 of approximately 10 ' sec. Bell and
Graham' suggested that the r2 component is due to the
formation of triplet positronium which is converted to
the singlet state by collision. Lending further support
to the hypothesis of positronium formation in con-
densed media, the addition of small amounts of diphenyl
picryl hydrazyl (DPH) to benzene was found to
increase the two gamma coincidence counting rate' and
also to decrease the lifetime of the r2 component. 3

In the earlier work, ' a value of about 30% was

usually reported for the fraction I2 annihilating by the
72 component. More recently, I2 has been observed to
range from 2% to 53% and evidence has been
presented which indicates that the 7.2 component is

largely due to decay of triplet positronium by "picko6"
annihilation with bound electrons. '

The arrangement, Fig. 1, used in this work to study
positron decay schemes, is practically the same as those
described earlier. ' Positrons emitted from Na" are
allowed to enter the compound which is to be studied
and delayed coincidences are measured between the
1.28-Mev nuclear gamma ray and one of the annihila-
tion quanta, as a function of the arti6cial delay x in the
creation channel. In order that a coincidence be re-

corded, three pulses must arrive at the triple coincidence
circuit within 1 iIsec of one another corresponding to (1)
a fast (2&(10 ' sec) coincidence between any two
limited pulses, (2) an energy loss in the 1.3-Mev
channel scintillator of greater than 0.6 Mev and (3) an

energy loss in the 0.5-Mev channel scintillator of
greater than 0.2 Mev. The output of the triple coinci-
dence circuit is fed to the sealer unless a pulse arrives
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FIG. i. Block diagram of the delayed coincidence arrangement
used to study positron decay schemes in condensed materials.
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from the 0.5-Mev channel amplifier corresponding to an
energy loss in excess of 0.4 Mev. The stability of the
assembly can probably be attributed to the use of
negative feedback throughout the apparatus and a
wide-band amplifier before the biased diode. Calibration
of the helical delay line was accomplished by shorting
one end and measuring the distance between nodes of a
standing wave.

II. DATA ANALYSIS

In order to measure mean lives r1 which are short
compared to the resolution of the fast coincidence
arrangement, and also in order to determine the fraction
I2 which annihilates with a long mean life v.2, it is neces-
sary to know the resolution curve P(g). An approxima-
tion to the true resolution curve was obtained by using
the gamma rays of Co" in the manner suggested by
Gerholm. ' During the experiment, a Co" resolution
curve was taken every ten days. Seven such curves
were taken and the centroid of each curve was calcu-
lated in order to 6nd "zero" relative delay. Over a
period of two months, there was no evidence of a long-
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TAN I.Experimental results for positrons annihilating in organic compounds.

CeHs
(CsHs)F
(CsHs)Cl
(CsHs)Br
(CsHs)I

Compound

Benzene
Pluorobenzene
Chlorobenzene
Bromobenzene
Iodobenzene

»%
35~2
24~2
14a2
6~2
4~2

Ts (io ~ sec)

2.1~0.1
1.8~0.1
1.6&0.1
1.6~0.2
1.6&0.3

T& (So &o sec)
Description
of sample

hquld
liquid
liquid
liquid
liquid

(CsHs)CHsCI ss-Chlorotoluene unobserved 2.1~1.5 liquid

(CsHs)CH,
(CsHs)CsHs
(CsHs)CsHs
(CsHs)NHs

Cl (CsH4) Cl
Cl(C sH4) Cl
NOs(CsH4)NOs

Toluene
Kthylbenzene
Isopropylbenzene
Aniline

p-dichlorobenzene
o-dichlorobenzene
p-dinitrobenzene

26~2
20~1
31&2
25&2

1.9~0.1
2.2~0.1
1.9~0.1
1.7~0.1

unobserved
unobserved
unobserved

2.6+0.4
2.9~1.7
2.2~0.4

liquid
liquid
liquid
liquid

powder
liquid
powder

CHs(CsH4)CHs p-xylene
CHs(CsH4)CHs m-xylene
CHs(CsH4)CHs 0-xylene

24a2
19~1
12&1

2.1~0.1
2.2~0.1
2.0~0.1

liquid
liquid
liquid

Cs&s
CC14

n-pentane
Carbon tetrachloride

26~2 2.5+O.i
unobserved 2.5&1.5

liquid
liquid

C6H1g
C6H1o

Cyclohexane
Cyclohexene

30~2
27&2

2.1+O.i
2.4~0.1

hquld
liquid

C14Hlo
C14Hlo
C14%o

Anthracene
Anthracene
Phenanthrene

unobserved
unobserved

14~2 1.2~0.1

2.3~0.4
2.9+0.4

crystal
powder
powder

~ T& is the mean life of the short component; Tp is the mean life of the long component; I& is the fraction of positrons which annihilate with mean life Tm ~

term drift in centroid position. The probable error was
computed from deviations and found to be about
10—"sec.

Positrons entered the liquid samples by passing
through 0.0002-in. aluminum foil windows. Because of
good source geometry, it was unnecessary to correct
for annihilation in any part of the sample holder other
than the thin windows. The fraction r of positrons
annihilating in the foils was determined in the way now
described. A delayed coincidence curve fs(x) was taken
for Teflon; next, another curve Fs(x) was taken with
the same TeQon sample covered with 0.0002-in. alumi-
num foil. For points which lie on the exponential tails,
F,(x)/fs(x) = 1 r. From this eq—uation r was calculated
for ten sets of points and the error in r was computed
from deviations. A value of r = (18.2&5.0)% was
obtained. This result was checked by computing the
percentage of v2 component for the two samples and the
two values of r were found to agree to one place in the
third 6gure.

As a precaution against short-term drift, two com-
plete sets of data were obtained for each sample studied.
Since between 9 and 12 hours were required to accumu-
late a single curve, it generally took two days to study
one compound. To reduce evaporation, the tanks con-
taining the liquid samples were sealed with threaded
Teflon plugs. For most of the liquids, about 15%
evaporated in a period of 24 hours. This eGect was not
serious because the tanks were reQled between runs

and points on the exponential tail and peak were
usually completed within six hours after 6lling.

After normalizing the data and correcting for anni-
hilation in the foils, the X points on an exponential tail
were given a least squares Gt. Since, in regions where'
f(x)»P(x),

1 d ln f(x) dp(x)

72 ds dS

the procedure followed was to determine v2 and b, where

y =—(1/r s)x+b,

such that p Ly(x )—p(x„)j' is a minimum. This re-
quirement leads to

rs= —Z (*-—xb)'/Z Lp(x-) (*-—»)j
b= (1/&) Z p(x-),

where xb= (1/Ã) p x„, and the summations are carried
out over the Ã points on the exponential tail. Having
determined v-2, the normalized delayed coincidence
curve that would have been obtained if all the positrons
had decayed with a mean life ~2 can be computed' from

z

fs(x) =he "~ ' e" P—(st)dt;
00 i2

The quantity b'= lnfs(xb) is of interest since the
s T. D. Newton, Phys. Rev. 78, 490 (1950).
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FIG. 2. Delayed coincidence curves for benzene and its halogen
derivatives, showing the reduction of I2 as the size of the halogen
is increased.

equation
I2= e~'= e'/f2(xg)

gives the fraction which decayed with a mean life r2.
The mean life r~ of the short component was com-

puted from the centroid shift for those compounds in
which no long component was observed. The probable
error in the measurement of r~ is much larger for liquids
than for solids due to the uncertainty in the correction
for annihilation in aluminum. In fact, the error in r»

for liquids becomes so large when a sizable long com-

ponent must be subtracted out, that very little informa-
tion could be obtained by calculating r~ for the two
component curves obtained.

The probable errors in r~, 7.2, and I2 were computed
from probable errors in f(x), x, and E(x). The approach
used to calculate r2 and I2 provides a convenient method
for computing probable errors. Those errors quoted in
Table I therefore represent calculations based on a
statistical picture, taking into account the uncertainty
in the correction for annihilation in the aluminum
windows, but do not account for such systematic errors
as, for example, the failure of Co" to give a perfect
resolution curve or drift in the electronic equipment. It
is felt that the errors indicated give a reliable account
of the accuracy of one measurement relative to another;

I I I I I I I I I I I I I I I I
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FIG. 3. Delayed coincidence curves for the xylenes. The structure
of the molecule and the corresponding value of I2 is indicated.

however, the absolute values of r&, r&, and I& may be o8
by as much as 2X10 " sec, 0.5X10 ' sec, and 5'Po,

respectively.
Since there were several compounds studied in which

no long component was observed, an unreined empirical
approach was employed to determine the conditions on
Ig and r2 such that a long component should have been
detected with the apparatus used. It was found that,
at least to a fair approximation, a long component
should have been observed if

I2) (35%)/(22.6—20.0/r2) for 1(r2(3,
where r2 is measured in units of 10 ' sec. The smallest
value of r2 measured for any of the liquids studied was
1.6)&10 sec; thus, it is probable that in those liquids
for which no long component was observed, J2 is less
than 4/o.

III. RESULTS

The results obtained for positrons annihi1ating in
organic compounds are summarized in Table I. The
compounds are arranged in groups of related molecules
and delayed coincidence curves for two of the Inore
interesting families are shown in Figs. 2 and 3.

For the halogen derivatives of benzene, I2 shows a
remarkable dependence on the size of the halogen ion.
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There is at least qualitative agreement with the results
obtained by electron impact experiments (Table II) in
which the fraction of collisions involving the removal
of one electron was found to decrease as the size of the
halogen was increased. In accord with this picture, there
can be found a correlation between the observed I2 and
the force constants for carbon-halogen bond stretching.
Carbon-halogen (C-I) stretching constants have been
calculated for the methyl halides CH3X; typical values
are 5.96, 3.64, 3.13, and 2.65&&10 ' dynes/cm in the
order of increasing halogen size. ' This would seem to
suggest that positronium formation is more probable in

liquids whose molecules are less likely to rupture on
collision with an electron. For most of the liquids
studied, this oversimplified approach seems to give a
surprisingly consistent correlation between /2 and the
force constant for the weakest bond in the molecule. For
example, it predicts that I2 goes in decreasing order for
benzene, toluene, chlorobenzene, and e-chlorotoluene.
There are certain exceptions to the rule, however. A

larger I2 was measured in benzene than in Quorobenzene,

although the force constant for carbon-Quorine bond
stretching is greater than that of a carbon-hydrogen
bond. Also, since the force constant for double bond
carbon-carbon stretching is greater than that of a
carbon-carbon single bond, cyclohexene would be ex-

pected to give a larger I2 than cyclohexane. These two

exceptions are a)ike in that each concerns the resulting
decrease in I2 when a symmetric molecule is altered in

such a way that (1) the bonding should be stronger and

(2) the new molecule is asymmetric. Perhaps this

implies that the distribution of charge in the molecule

should be considered.
For the compounds studied, there appears to be no

dependence of I2 on either the ionization potential or
the dipole moment of the molecule. On the other hand,
a concentration of negative charge might reduce I2 by
causing more positrons to annihilate with bound

electrons. This picture can be used to explain the
results for Quorobenzene, cyclohexene, and even the

xylenes.
When one of the hydrogen atoms of benzene is re-

placed with F, Cl, Br, I, or NO&, the electron density on

on the ring is decreased and the group added becomes

the negative end of an electric dipole. The addition of

CH3 C2H5 C3H7 or NH2 has the effect of increasing

the electron density on the ring; consequently, the

group added to the ring becomes the positive end of the

dipole. According to this picture, the addition of a
group of the hrst kind would be expected to have more

of an effect than the addition of a group of the second

kind, because in the first case the negative charge is
more concentrated. Similarly, o-xylene should give a

e G. Herzberg, Molecalar Spectra and 3lolececlar Strgctccre (D.
Van Nostrand Company, Inc. , Princeton, 1946), Vol. 2, p. 193;
A. E. Remick, Electronic Interpretations of Organic Chemistry

(John Wiley and Sons, Inc. , New York, 1946), p. 171.

TAsxz II. Electron impact data reported by Momigny. ' The
compounds were bombarded with electrons of 70 ev energy and the
fragments were analyzed with a mass spectrometer.

Compound
(CGH5)X

(CeH5)F
(C,H,}C1
(C,H, )Br
(CeHe)I

Relative total
ionization

100
96
91

102

Fraction of total ionization
(CeH5)X+ (CBHs)+ X+

42.12 0.66 0.05
37.19 15.91 0.58
31.61 24.17 1.68
28.55 24.25 3.46

a J. Momigny, Bull. soc. chim. Belges 64, 144 (1955) /Chem. Abstracts
49, 13767g (1955)g,

smaller Iz than p-xylene since the negative charge on
the ring is more localized for o-xylene than it is for
p-xylene.

The above interpretation is similar to the one offered
by Green and Bel15 to explain the decrease of I2 in water
upon the addition of NO3 and NO2 ions. Unfortu-
nately, force constants and electron impact data are not
available for the xylenes and so it is impossible at this
time to say whether the data for these compounds could
be explained in terms of the strength of the bonds
between the CH3 groups and the ring.

A long component was detected in only one of the
solids studied. This could be due to the fact that, in
general, r2 seems to be shorter for solids than for
liquids, making detection of a long component more
dificult. Since long components have been observed in
benzene, naphthalene, and phenanthrene, it is interest-
ing that no long component was detected in anthracene.
One possible explanation lies in the variation of melting
points for these substances. It has been found that for
ice and TeQon' r2 decreases as the temperature of the
sample is lowered. Anthracene has a much higher
melting point than benzene, naphthalene, or phenan-
threne and, hence, it is frozen harder at room tempera-
ture. It is likely, therefore, that r2 for anthracene is too
short to be observed with the present apparatus. The
diGerence in r1, measured for solid anthracene in the
powdered and crystalline forms, is attributed to the
diGerence in density.

In conclusion, it might be said that I2 has been
observed to vary over a fairly wide range for annihila-
tion in compounds which are physically and chemically
similar. Furthermore, correlation between I2 and vari-
ous properties of the molecules suggest that this ap-
proach might be used as a method for investigating
molecular structure.
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